W e exposed human macrophages isolated from the peripheral blood of healthy donors to metal and bone-cement particles from 0.2 to 10 m in size.
Loosening of total joint replacements appears to result, in part, from the production and accumulation of particles at the prosthetic interface and the subsequent biological reaction to the particles. [1] [2] [3] [4] [5] Histological studies of interface membranes have confirmed that there is a foreign-body granulomatous reaction [6] [7] [8] [9] involving macrophages. [10] [11] [12] Phagocytosis of particulate debris by macrophages leads to the synthesis and secretion of interleukin-1, interleukin-6, tumour necrosis factor and prostaglandin E 2 . [13] [14] [15] [16] Orthopaedic biomaterial particles may also influence implant loosening by the induction of matrix metalloproteinases (MMP). [17] [18] [19] [20] [21] [22] It has been suggested that these remove unmineralised osteoid between mineralised matrix and bone lining cells or bone matrix previously demineralised by osteoclasts. 23 Supernatants of organ cultures derived from tissues collected from aseptically loosened prostheses show elevated collagenase and gelatinase levels. 24 Extracts from interface tissues between bone and implants and pseudocapsular tissues from loose prostheses have increased levels of MMP-2 (72-kDa type-IV collagenase/gelatinase, gelatinase A) and MMP-9 (92-kDA type-IV collagenase/gelatinase, gelatinase B). 25 Increased MMP activity also occurs in tissues from sites of loosened total hip arthroplasty. 26 We hypothesised that human macrophages would react directly to particulate wear debris by the release of MMPs. Our aim was to test the effects of titanium alloy particles retrieved from implant tissues and commercially available polymethylmethacrylate (PMMA) particles on MMPs from isolated primary human macrophages.
Materials and Methods
Particle preparation and characterisation. Titanium alloy particles were obtained from membranes around failed titanium alloy prostheses as has been previously described. 27 Briefly, the formalin-fixed membrane was cut into pieces 5 ‫5ן‬ mm in size. A papain suspension (7 g/ ml) in 0.05 M sodium phosphate, pH 6.5, containing 0.02 M N-acetylcysteine was added to the tissue samples for overnight enzymatic hydrolysis at 65°C. Metal particles were collected by centrifugation at 700 times gravity for 20 minutes, washed by repeated suspension (5 times) in Dulbecco's phosphate-buffered saline and collected by centrifugation. The particles were characterised as titanium alloy using energy-dispersive X-ray analysis and had a mean size of 0.7 m. 27 They were suspended in Dulbecco's phosphate-buffered saline, autoclaved and serially diluted using serum-free RPMI 1640 medium (Gibco BRL, Grand
Island, New York) to obtain particle concentrations of 0.075, 0.015 and 0.003% (v/v). Commercially available PMMA particles (1 to 10 m) were obtained from Polysciences Inc (Warrington, Pennsylvania) and suspended in serum-free RPMI 1640 medium as described above. All particle preparations were shown to be negative for endotoxin using the Limulus assay. Cell preparation. Human blood monocytes were isolated from the peripheral blood of five healthy individuals using Ficoll-Paque fractionation. Isolated buffy coats were layered and centrifuged (400 G for 30 minutes) over FicollPaque (specific gravity 1.077 g/ml; Pharmacia, Almeda, California) at room temperature. The interface layer containing the mononuclear cells (monocytes/macrophages and lymphocytes) was collected and washed three times with Dulbecco's phosphate-buffered saline. The cells were resuspended in RPMI 1640 containing 5% human serum and 25 g/ml of gentamicin and plated on a 100 ml tissueculture dish (Costar, Cambridge, Massachusetts) in 8 ml of medium at a cell density of 5 ‫ן‬ 10 5 cells per cm 2 . After adhesion, non-adherent cells were removed by washing with Dulbecco's phosphate-buffered saline. More than 95% of the adherent cells were identifiable as macrophages based on non-specific elastase staining (Sigma Chemical Co, St Louis, Missouri).
The macrophages were exposed to titanium alloy and PMMA particles in serum-free RPMI 1640 medium. For a dose-response analysis, they were exposed to particles at three concentrations (0.003%, 0.015% and 0.075%) for 48 hours. A time course was performed using a particle concentration of 0.075% at 1, 6, 12, 24, 48 and 72 hours. Medium alone was used as a negative control. Lipopolysaccharide (LPS) (from E. coli, 0111: B4; Sigma, St Louis, Missouri) at 100 mg/ml was used as a positive control.
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SDS substrate gel analysis. Gelatinolytic and caseinolytic activities in macrophage culture medium samples were determined by electrophoresis on 10% polyacrylamide sodium dodecylsulphate substrate gels containing 1 mg/ml of gelatin or ␤-casein (Sigma Chemical Co). Aliquots of medium samples were mixed with sample buffer containing 2.5% sodium dodecylsulphate and electrophoresed at 4°C. Latent enzyme activity was determined by treatment of the samples with 0.5 mM 4-aminophenylmercuric acetate for one hour at 37°C before electrophoresis. To identify proteases, sodium dodecylsulphate was removed by shaking the gel in 2.5% Triton X-100 in water for 30 minutes at 25°C followed by incubation of the gel for 18 hours at 37°C in substrate buffer (50 mM Tris-HCl buffer, pH 8.0, 10 mM CaCl 2 and 0.02% sodium azide). Enzyme activity was localised to clear zones after staining of the gels with 0.5% Coomassie Blue R250 (Bio-Rad Laboratories, Richmond, California) in 30% isopropyl alcohol and 10% acetic acid followed by destaining in water. Western immunoblot analysis. Macrophage culture medium samples were concentrated by membrane filtration (molecular-weight cut-off of 30 kDa (Amicon, Beverly, Massachusetts)) and the protein concentration determined (Bio-Rad Laboratories). Twenty micrograms of protein per lane were resuspended in sample buffer (125 mM Tris-HCl, pH 6.8, 4% sodium dodecylsulphate, 0.01% bromphenol blue, 20% glycerol) and electrophoresed on a 10% polyacrylamide gel without pretreatment with a reducing agent. After electrophoresis, the proteins were transferred to Immobilon P (Millipore, Bedford, Massachusetts) in electroblotting buffer (20 mM Tris-HCl, pH 8.0, 150 mM glycine, 20% methanol) for two hours at 24 V. Non-specific binding sites were blocked with a milk solution (2% nonfat dry milk, 150 mM NaCl, 50 mM Tris-HCl, 0.05% Tween 20, 0.02% sodium azide) at room temperature overnight. The membranes were then exposed to primary antibodies against MMP-1 (interstitial collagenase), MMP-2, MMP-3 (stromelysin) and MMP-9 (Oncogene Science Inc, Cambridge, Massachusetts) and subsequently developed using goat anti-mouse IgG alkaline phosphatase in conjunction with an enhanced chemiluminescence Western blotting detection system (Bio-Rad Laboratories). Northern blot analysis. Total RNA was extracted from cells using a solution containing 4 M guanidine isothiocyanate, 25 mM sodium citrate, 0.2% (w/v) n-laurolylsarcosine, and 0.7% (v/v) ␤-mercaptoethanol. From each sample 10 g of total RNA were separated on a formaldehyde agarose gel and transferred to a nylon membrane by capillary blotting overnight. Complementary DNA (cDNA) probes for MMP-1, MMP-2, MMP-3 and MMP-9 were prepared as previously described. 29 
Statistical analysis.
We determined significance levels for collagenolytic activity using one-way of analysis of variance. Differences between groups were estimated by the Student two-sample t-test (two-tailed) with Bonferroni's correction for multiple comparisons.
Results
Particle-induced macrophage neutral MMP activity. Zymography showed that the predominant gelatinolytic activity released from macrophages in the absence (control) or in the presence of particles migrated at 92 kDa (Fig. 1a) . Titanium alloy and PMMA particles stimulated release of the 92 kDa gelatinolytic activity in a dose-dependent manner. In addition, the endogenously activated form of this enzyme, an 84 kDa band, was observed at the higher particle concentrations of 0.015% and 0.075%. The 72 kDa gelatinolytic activity was present at much lower levels, but also increased in a particle dose-dependent manner (Fig.  1a) . There was also some gelatinolytic activity at 53 kDa. Treatment of medium samples with aminophenylmercuric acetate transformed the 92 kDa gelatinolytic activity to the 84 kDa activity, which appeared as a doublet at 84 and 82 kDa. Aminophenylmercuric acetate treatment also gave a doublet of gelatinolytic activities around 45 kDa. Casein zymograms showed proteolytic activity at 92, 72, 28 and 19 kDa (Fig. 1b) which also increased with dose. Aminophenylmercuric acetate treatment transformed the 92 and 28 kDa caseinolytic activities to 84 and 19 kDa activities, respectively.
A time-course analysis showed time-dependent kinetics for the release of gelatinolytic activity from macrophages exposed to a particle concentration of 0.075% (Fig. 2) . The release of the gelatinolytic activities from particle-chal- lenged macrophages always preceded and was greater than that observed for control cultures.
Identification of macrophage-derived neutral MMPs.
Western blotting showed that the 92 and 72 kDa gelatinolytic activities observed in the zymograms corresponded to MMP-9 and MMP-2, respectively. Although the macrophages constitutively express MMP-9 and low levels of MMP-2, the signal intensities for both proteins increased in a dose-dependent manner after exposure to titanium alloy and PMMA particles (Fig. 3) . Western blotting also confirmed that MMP-1 increased in the culture medium with increasing particle concentration. MMP-3 was not detected in the macrophage culture medium with or without particles. Northern blot analysis. Although control cells showed an MMP-9 mRNA signal, macrophages showed increased signal levels for MMP-9 mRNA when challenged with titanium alloy and PMMA particles (Fig. 4) . Northern blot analysis also showed that mRNA signal levels for MMP-2 and MMP-1 were enhanced by both types of particle, a finding consistent with the zymographic and immunoblot results. MMP-3 mRNA signal was not detected. Collagenolytic activity. Macrophages exposed to titanium alloy particles at a concentration of 0.075% showed increased collagenolytic activity at 12 hours when compared with control macrophages (Fig. 5a ). Significant differences were evident at 12, 24, 48 and 72 hours. PMMA particles at 0.075% also stimulated increased collagenolytic activity in macrophages when compared with control cultures at 24, 48 and 72 hours. At 48 hours, collagenolytic activity of macrophages varied with the dose of both titanium alloy and PMMA particles. Macrophages challenged with titanium alloy particles at 0.015% and 0.075% showed collagenolytic activity 2.1 and 2.9 times greater than that of unchallenged macrophages, respectively (Fig. 5b) . PMMA particles at 0.015% and 0.075% stimulated collagenolytic activity 1.8 and 2.2 times greater than that of control culture medium, respectively (Fig. 5c ). Medium samples from macrophages challenged with titanium alloy particles had higher collagenolytic activity than those with PMMA particles at the same volumetric concentrations. 
Discussion
Our study has shown enhanced production of MMP-1, MMP-2 and MMP-9 in primary human macrophages exposed to titanium alloy and PMMA particles. In this model, human peripheral blood monocytes were the source of cells for particle exposure since they are the natural precursors of tissue macrophages. The primary human macrophage response to particulate debris may more closely resemble the response in vivo since transformed macrophage-like cell lines have varying responses depending on origin. 31 Serum-free medium was used to avoid confounding effects of serum-derived cytokines and growth factors. Northern blotting and Western immunoblotting confirmed MMP-9 to be the predominant metalloproteinase expressed by the macrophages in response to particulate debris. Western blotting also showed that particle exposure increased expression of MMP-1 and MMP-2. This is consistent with expression of MMP-2 in tissues isolated from regions of pathological bone loss surrounding failed hip implants; 32 in the absence of bone loss, MMP-2 was not expressed. 32 A 28 kDa caseinolytic activity was also detected on zymograms. Although not characterised, this zone of activity may represent MMP-7 (PUMP-1, Matrilysin) based on the sensitivity to aminophenylmercuric acetate and reactivity to casein. 33, 34 Particle-induced MMP expression in the macrophage culture medium was also accompanied by functionally effective collagenolytic activity. Quantitative assays confirmed that titanium alloy and PMMA particles consistently induced increased collagenolytic activity in macrophage culture medium. The number of particles may account for the consistently higher levels of collagenolytic activity in the cultures containing titanium alloy possibly due to differing numbers of particles. Similar trends were observed in the pattern of MMPs released from macrophages for both types of particle. MMPs are important for remodelling of the extracellular matrix in both normal and pathological conditions. 35, 36 Connective tissue metabolism is normally characterised by an equilibrium between degradation and synthesis of extracellular matrix that is maintained by a balanced activation and inhibition of MMPs. 35, 36 Deviation from the equilibrium may lead to the replacement of extracellular matrix by inflammatory tissue and fibrous tissue. 35, 36 Involvement of MMPs in bone remodelling is supported by studies which have shown that specific inhibitors prevent collagen degradation and parathyroid hormoneinduced bone resorption. 37, 38 Other studies have confirmed that bone explants express MMP-1 in culture 39 which coincides with increased osteoblast and osteoclastic activity. [40] [41] [42] MMP-9 is secreted into culture medium by bone tissue and osteoclasts. 43, 44 A wide range of substrate specificity against collagens including NH 2 -terminal telopeptides of the ␣2 chain of type-I collagen, collagen types III, IV and V and gelatins may contribute to the importance of MMP in bone resorption. Collagenolytic activities from macrophages exposed to titanium alloy and PMMA particles. MMP-1, MMP-2, MMP-3 and MMP-9 may influence periprosthetic bone resorption as a result of expression within interface membranes. 46 Foreign-body giant cells in periprosthetic granulation membranes express MMP-9 and MMP-1 whereas fibroblasts express MMP-2 and tissue inhibitor of MMP (TIMP-2). 47 Analysis of mRNA from membranes of nine patients with failed cemented total hip arthroplasties showed elevated signal levels for MMP-1, MMP-2, MMP-3, MMP-9 and TIMP-1 and TIMP-2. 48 TIMP-2 appeared to be more strongly expressed than TIMP-1.
48
Our study has shown that macrophages exposed to titanium alloy and PMMA express MMP-1, MMP-2 and MMP-9 in a dose-and time-dependent manner. These data support the hypothesis that particle-induced macrophage MMP expression may increase tissue degradation at the boneimplant interface and contribute to implant loosening.
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